Although long-distance pollen movement is common in wind-pollinated trees, barriers to gene fl ow may occur in species that have discontinuous ranges or are confi ned to certain habitat types. We investigated the genetic structure of Quercus lobata Née populations throughout much of their range in California. We assessed the connectivity of populations and determined if barriers to gene fl ow occurred, and if so, if they corresponded to landscape features.
Gene fl ow in plants occurs through the dispersal of pollen or seeds. Pollen-mediated gene fl ow is oft en extensive in plants that are pollinated by wind. Although long-distance (landscape-level) pollen movement is diffi cult to measure directly, paternity studies have shown that average pollination distances within stands of windpollinated trees is ten to hundreds of meters and pollen immigrations rates into study sites are about 50% (reviewed in Ashley, 2010 ) . Th ese levels of eff ective pollen movement suggest that windpollinated tree species may exhibit little population structure over large areas, especially if woodlands are relatively continuous and major landscape impediments to pollen movement do not occur. In tree species that have discontinuous ranges or those confi ned to certain habitat types, however, gene fl ow may be restricted through parts of a species range, and be refl ected by signifi cant population structure between some populations.
We studied population structure in valley oak, Quercus lobata, a wind-pollinated oak endemic to California. A winter-deciduous species, valley oak is the largest western North American oak, with trees 10-25 m tall and 0.5-0.7 m diameter at breast height (dbh; Munz, 1973 ) . Valley oak is an ecologically important species in savannas and oak woodlands of California but has experienced extensive habitat loss as land within its range has been converted to farmland, vineyards, and other development ( Allen-Diaz et al., 2007 ; Whipple et al., 2011 ) . Ecological niche models for valley oak indicate that their current distribution has been relatively stable since the late Pleistocene (~120 kya ; Gugger et al., 2013 ) . Th is distribution forms a horseshoe around the Central Valley, found in the lower elevations of the Central and North Coast ranges and the Sierra Nevada ( Fig. 1 ) . Th e southernmost populations are close but importance of oaks as a key component of California woodlands, understanding how topographic and landscape features structure populations and gene fl ow in Q. lobata is of broader and more general importance for California oak woodlands.
Previous work on valley oak has examined local patterns of pollination ( Sork et al., 2002 ; Pluess et al., 2009 ; Abraham et al., 2011 ) fi ne-scale genetic structure ( Dutech et al., 2005 ) , and hybridization ( Craft et al., 2002 ; Abraham et al., 2011 ) . Th ere have also been studies of range-wide genetic patterns that have each come to somewhat diff erent conclusions. Grivet et al. (2008) report strong genetic structure and restricted gene flow for chloroplast microsatellite markers, but not for nuclear microsatellites. Chloroplast markers will only refl ect gene fl ow via acorn dispersal, which is likely to be much more limited than pollen dispersal in oaks. However, another analysis of chloroplast haplotypes indicated extensive historical connectivity and gene movement among most populations, including occasional long distance gene exchange across the Central Valley ( Sork et al., 2010 ) . Finally, a recent paper that reanalyzed the previously published data and added two nuclear gene sequences came to a third conclusion, identifying a strong split between coastal and Sierra Nevada populations for both nuclear and chloroplast markers ( Gugger et al., 2013 ) .
Th e objective of the current study was to characterize patterns of gene fl ow in valley oak and to evaluate these patterns in the context of distance, distribution, and landscape configuration. Our study differs from previous studies ( Grivet et al., 2008 ; Sork et al., 2010 ; Gugger et al., 2013 ) because we sampled many more individuals from each population (but sampled fewer sites) and focused strictly on nuclear microsatellite markers. Th e highly variable nuclear microsatellites employed in this study allow for high resolution in inferring historical patterns of gene fl ow and detecting physical barriers to gene fl ow, should they exist.
METHODS
Sample collection and microsatellite genotyping -Leaf material was collected from 270 trees located in 12 populations that span the range of the species ( Fig. 1 ) , with 14-32 individuals sampled per population ( Table 1 ) . Genomic DNA was extracted from ~20-30 mg of ground leaf tissue using a Qiagen Plant Mini Kit (Qiagen, Valencia, California, USA). DNA quantities were measured using a Nanodrop (Nanodrop Technologies, Wilmington, Delaware, USA).
Samples were genotyped at eight microsatellite loci: (1) QpZag 9 and QpZAG1/5 were developed for Quercus petraea (Matt.) Liebl. disjunct from the main range of the species, separated by the Transverse Ranges of Southern California, which have an east-west orientation (in contrast to the north-south orientation of other major ranges in the state). Th e hot, dry Central Valley of California dissects the main part of the species' range further north. Th e Central Valley is known to restrict gene fl ow for several species with limited dispersal, including the classic ring species of salamanders, Ensatina eschscholtzii Gray ( Wake et al., 1986 ; Moritz et al., 1992 ) , but a recent study of Quercus chrysolepis Liebm. (canyon live oak) revealed little genetic diff erentiation between populations from the Coast ranges and the Sierra Nevada, on either side of the Central Valley ( Ortego et al., 2015 ( Steinkellner et al., 1997 ) ; (2) MSQ4 and MSQ13 were developed for Q. macrocarpa Michx. ( Dow et al., 1995 ; Dow and Ashley, 1996 ) ; (3) QpZAG15 and QpZAG11 were developed for Q. robur L. ( Kampfer et al., 1998 ) ; and (4) QM69-2M1 and QM 57-3M were developed for Q. myrsinifolia Blume ( Isagi and Suhandono, 1997 ) . Polymerase Chain Reaction (PCR) was carried out using 50-100 ng genomic DNA in 10 μl PCR mix with the following reagents: (1) 0.5mM of 10mM dNTP mix (Denville Scientifi c, South Plainfi eld, New Jersey, USA); (2) 0.04 μM of the forward primer with the fl uorescent-labeled M13 (−21) universal primer; (3) 0.6 -0.8μM reverse primer; (4) 1.0 μg/μl bovine serum albumin; and (5) 0.25 U Taq Polymerase (Biotherm Taq, eEnzyme, Gaithersburg, Maryland, USA) with Biotherm Buff er (5 × ). PCR conditions are described in Craft and Ashley (2007) . PCR products (1.5 μL) were analyzed in a capillary DNA sequencing machine (Applied Biosystem 3730) using a LIZ500 ladder (Applied Biosystems, Foster City, California, USA). All microsatellite genotypes were scored by analyzing the raw data using Applied Biosystems GeneMapper soft ware (version 3.7).
Summary Statistics -Genetic diversity was estimated by the mean number of alleles per locus (N A ), mean eff ective number of alleles (N E ), observed (H O ), and expected heterozygosity (H E ) using GenAlEx version 6.5.1 ( Table 1 ; Smouse, 2006 , 2012 ) . Fixation indices (F IS ) were also calculated using GenAlEx version 6.5.1 ( Table 1 ) . Departures from Hardy-Weinberg expected genotype frequencies were tested using the Markov chain Monte Carlo (MCMC) method (dememorization 1000, batches 100, iterations per batch 1000) using GENEpop on the Web ( Raymond and Rousset, 1995 ; Rousset, 2008 ) .
Population Diff erentiation -We calculated genetic diff erentiation statistics including the traditional F -statistics analogues θ ( Weir and Cockerham, 1984 ) and G ST ( Nei and Chesser, 1983 ) , as well as two newer diff erentiation statistics, G' ST ( Hedrick, 2005 ) and D JOST ( Jost, 2008 ) , using the R ( R Development Core Team, 2014 ) package diveRsity ( Keenan et al., 2013 ) . F ST and its analogues have been criticized for use in highly variable markers such as microsatellites because their maximum possible value is dependent on withinpopulation diversity ( Hedrick, 1999 ; Jost, 2008 ) ; the other two statistics we calculated have been developed to overcome this drawback. We calculated 95% confi dence intervals for these statistics using 1000 bootstraps as implemented in diveRsity. To determine whether our microsatellite loci are useful in inferring demographic processes such as migration rates, we plotted estimates of θ , G ST , G' ST and D JOST against the number of alleles using the corPlot function in diveRsity. If demographic processes have similar eff ects across neutral loci with diff ering mutation rates (resulting in diff ering allele numbers), F ST estimates should be more or less equal across loci. Th ese relationships also provide an assessment of if and how (positively or negatively) the diff erent estimators are correlated with allele number and heterozygosity ( Keenan et al., 2013 ) . Isolation-by-distance (IBD) was tested in GenAlEx by using Mantel tests based on distance matrices of pairwise linearized F ST and Euclidian distance (km) between sample locations with 9999 permutations.
Genetic Clustering, Barrier, and Network Analyses -We used three diff erent approaches to identify genetic clusters and barriers to gene fl ow, Bayesian clustering algorithms, edge detection, and network analysis methods. Bayesian clustering methods delineate clusters of individuals based on the analysis of individual multilocus genotypes and assign individuals to the cluster where their posterior probability is highest. We used two Bayesian clustering approaches, STRUCTURE version 2.3.4 soft ware ( Pritchard et al., 2000 ) , a nonspatial model that ignores geographic proximity, and GENELAND ( Guillot et al., 2005 ) which uses geo-referenced individuals or populations. We chose GENELAND over other spatial Bayesian methods because it has been shown to have the highest power when analyzing simulated data ( Safner et al., 2011 ; Blair et al., 2012 ) . Edge detection approaches identify areas where changes in variables occur, in this case allele frequencies ( Manni et al., 2004 ; Safner et al., 2011 ) . We used Monmonier's algorithm to detect boundaries (edges) between populations. Finally, network analysis aims to connect populations in a network graph with connection (edges) that are weighted according to pairwise genetic distances. Th ese diff erent analyses are quite distinct but complimentary, and can provide confi dence to conclusions that are supported by multiple approaches.
For nonspatial Bayesian clustering algorithm, implemented in STRUCTURE version 2.3.4 soft ware ( Pritchard et al., 2000 ) , the number of assumed genetic clusters ( K ) was set from 1 to 12, and 10 runs with 100 000 MCMC iterations were performed for each K following a burn-in of 50 000 iterations. Th e admixture model was run with correlated allele frequencies, and included a priori sampling locations as prior information (LOCPRIOR) to detect weak population structure ( Hubisz et al., 2009 ) . Th e LOCPRIOR option is not biased toward detecting structure when it is not present ( Hubisz et al., 2009 ) . Th e optimal value of K was determined depending on Δ K value ( Evanno et al., 2005 ) using the STRUCTURE HARVESTER version 0.6.93 application ( Earl and vonHoldt 2012 ) . Consensus analyses were performed using CLUMPP 1.1.2 version ( Jakobsson and Rosenberg, 2007 ) on the average scores for the inferred K value. STRUCTURE PLOT ( Ramasamy et al., 2014 ) was used to visualize the STRUCTURE output.
For GENELAND, the GUI interface (GENELAND R-package version 4.0.5) was used to run the correlated frequency, spatial model at 100K MCMC, thin rate 100, and burn-in 200 for 10 runs at K values from one to fi ft een. Because a single set of spatial coordinates was used for each collection site, we set uncertainty on coordinate to 0.0005 (about 75 m) to prevent individuals sampled from each site being automatically assigned to the same inferred group by GENELAND. Th is procedure was repeated fi ve times. For each repetition, the run with the highest posterior probability was chosen, and from these fi ve results the best K was inferred from the modal value of K with the highest posterior probability.
We used the Monmonier's function in the R-package adegenet version 1.4-1 ( Jombart, 2008 ) to describe paths of strongest genetic distances between populations. Th e initial connection network was built using coordinates for the sites. A Euclidean distance matrix was defi ned based on analogues θ ( Weir and Cockerham, 1984 ) for the 12 populations in the study. Random noise was eliminated using Principal Coordinate Analysis (dudi.pco). Th e algorithm then builds genetic boundaries based on maximum pairwise distances.
We applied graph-based network theory analysis to create a genetic network of populations or minimum spanning network (MSN), implemented in EDENetworks version 2.18 ( Kivelä et al., 2015 ) . Th e program plots all agents (individuals or populations) as nodes in a network graph with connections (edges or links) between nodes weighted by their pairwise genetic distance F ST . EDENetworks illustrates the distribution of links among populations using percolation theory and without an a priori hypothesis based on population identity or sampling location. Th e percolation theory allows for the splitting of a fully connected network into discrete clusters, and the critical threshold distance is known as the percolation threshold. Th e layout of the MSN was recalculated 10 times to test for possible alternative network shapes.
RESULTS
Th e eight loci used were highly variable, with an average of 8.12 alleles per locus and a mean expected heterozygosity (H E ) of 0.703 per population ( Table 1 ). Average observed heterozygosity (H O ) was larger than expected heterozygosities at all sites except Sedgwick Reserve . Indeed, several loci/site combinations showed significant heterozygote excess, but global tests of heterozygote defi ciencies and excess were not signifi cant. Excess heterozygosity has been reported in other studies of oaks ( Dutech et al., 2005 ; Ashley, 2007 , 2010 ) and may be due to the high levels of outcrossing in oak species.
Global estimates of genetic diff erentiation were: θ = 0.0639 ( Weir and Cockerham, 1984 ) ; G ST ( Nei and Chesser, 1983 ( Jost, 2008 ) = 0.1279. Th e lower 95% confi dence interval estimated by bootstrapping did not go below zero for any of these statistics, indicating signifi cant population diff erentiation. As is expected, the relationship between θ and the number of alleles and G ST and the number of alleles were both slightly negative whereas the plots for G' ST and D JOST and the number of alleles showed a small positive relationship (plots not shown); however, none of the correlations was signifi cant. Th is suggests that the mutation rates exhibited by our markers were not high enough to obscure past demographic processes and both classes of genetic diff erentiation statistics should be useful in inferring historical gene fl ow patterns.
Pairwise estimates of θ and D JOST are shown in Table 2 . Except for the comparison between Liebre Mountain (LM) and Sedgwick Reserve (SR), the lower 95% confi dence interval estimated by bootstrapping did not go below zero for any of pairwise statistics, again indicating signifi cant population diff erentiation. Th e results of the Mantel test, using the total sample set, was Rxy = 0.158 ( P = 0.0001), indicating a signifi cant positive, but relatively weak, correlation between the genetic and geographic matrices and limited isolation by distance. For the sample set without the Santa Monica Mountains (SM) site, Rxy = 0.070 ( P = 0.0004).
STRUCTURE analysis revealed the peak distribution of Δ K ( Evanno et al., 2005 ) occurred at K = 2 for 10 simulations at K values from 1 to 12 ( Fig. 2 ) . One of the two clusters represented the oaks collected from the Santa Monica Mountains and the other was comprised of all other populations. Th e consensus membership coeffi cients, implemented in CLUMPP version 1.1.2 ( Jakobsson and Rosenberg, 2007 ) are shown in Fig. 3 . Most trees had high membership coeffi cients in their respective cluster, with a mean of 0.929 for trees in the larger cluster and 0.948 for trees from the Santa Monica Mountains cluster ( Fig. 3 ) . GENELAND identifi ed 11 genetic clusters, each corresponding to a sampling site with the exception of Sedgwick Reserve (SR) and Liebre Mountain (LM), which together comprised a single genetic cluster. Th e Monmonier's function implemented in adegenet identifi ed a single barrier separating the Santa Monica population from all populations north of the San Gabriel Mountains ( Fig. 4 ) .
Th e MSN produced by EDENetworks based on populations is shown in Fig. 4 . Several distinct topological features are revealed.
For example, despite the close physical distance between SM and other populations (LM and SR), there is only a very weak link connecting them. Th is confi rms our other results indicating that the Quercus lobata population in the Santa Monica Mountains is genetically distinct from the rest of the range and experiences very limited gene fl ow from the north. Th e strong link between LM and SR also supports the GENELAND clustering results which places these two populations into a single genetic cluster. Only one link spanned the Central Valley (between Jasper Ridge (JR) and Kaweah Oak/River Preserve (KOP), indicating that this large landscape feature does act to limit gene fl ow. Populations along the Coast Range sites were well connected, with the JR population being an especially important node in facilitating or allowing connectivity of populations throughout much of the species range.
DISCUSSION
Oak woodlands and savannas are one of the most important and valued ecosystems of California, occupying about four million hectares west of the higher elevations of the Sierra Nevada mountains ( Allen-Diaz et al., 2007 ) . While widespread, oak woodlands are confi ned to a relatively narrow elevational corridor, bounded by grasslands at lower elevations and conifer forests at higher elevations ( Barbour and Minnich, 2000 ) . Th eir distribution is infl uenced by the Coast Mountain Range in the western part of the state, the Sierra Nevada mountains in the east, the Transverse Ranges in the south, and the Central Valley in the middle of the state. Th us the oak species that defi ne this ecosystem are excellent candidates for studying how landscape and topographical features infl uence gene fl ow and population structure. Th e twelve sites where we sampled Quercus lobata span the native range of the species, from Ventura and Los Angeles Counties in the south to Shasta County in the north, and with sites on both sides of the Central Valley ( Fig. 1 ,  Table 1 ).
Quercus lobata , the largest of the oak species within its range, was widespread before European colonization but is now more restricted as native valley oak woodland habitat has been lost. Valley oak woodlands now exist as patches or fragments embedded in a matrix of agricultural and urban/suburban land, with conversion to irrigated agricultural land responsible for the largest acreage decline. Such forest fragmentation might be expected to bring about reproductive isolation of remnants and genetic declines associated with genetic drift or inbreeding ( Grivet et al., 2008 ; Kramer et al., 2008 ) . ( Weir and Cockerham, 1984 ) ; above diagonal D JOST ( Jost, 2008 Several studies have tested whether isolated or relict populations of oaks are reproductively isolated, genetically differentiated, or genetically depauperate. Th ese studies have shown that even very remote stands of oaks are genetically diverse and reproductively connected through pollen fl ow. For example, peripheral, remnant populations of Quercus petraea (Matt.) Liebl. in Ireland had high levels of genetic diversity and were not diff erentiated from populations in Spain and southwestern France ( Muir et al., 2004 ) . Isolated remnant stands of Q. macrocarpa received more than half their pollen from outside the stand ( Craft and Ashley, 2010 ) , and small remnants showed little or no population structure despite a ( Kivelä et al., 2015 ) between nodes (sampling sites). Line thickness is proportional to linkage strength and node size is proportional to the number of linkages for each node. The red line indicates the position of the single barrier to gene fl ow identifi ed by the Monmonier's function implemented in adegenet ( Jombart, 2008 ) .
fragmented distribution lasting thousands of years ( Craft and Ashley, 2007 ) . Two tiny remnant stands of Q. robur isolated more than 80 km from other oaks show high genetic diversity and received substantial pollen immigration ( Buschbom et al., 2011 ) . Extensive pollen immigration was reported in a stand of Q. ilex L. that was highly fragmented with very low tree density, and seed set and progeny genetic diversity were not reduced ( Ortego et al., 2014 ) . Th ese studies suggest that long distance pollination is the norm in oaks and distance, low densities, or landscape features do not notably disrupt pollen dispersal and reproduction.
Two previous studies examined local pollination patterns for Quercus lobata at two of the sites included here. At the Hastings Reservation (HNHR) site, paternity assignment of acorns was used to measure pollination distances ( Abraham et al., 2011 ) . For most acorns sampled (76/108, 70%) the pollen donor was beyond 200 m of the maternal tree, indicating that the majority of eff ective pollen travels more than this distance. Work at the Sedgwick (SR) site using paternity assignment suggested more limited pollen immigration, 18.5%, from beyond 250 m of maternal trees ( Pluess et al., 2009 ) . Th ese two values span the range of estimates for all oaks ( Ashley, 2010 ) , and may refl ect either methodological diff erences or actual intraspecifi c variation in pollination patterns due to habitat, density or other factors that diff er among sites. But even the lower values of pollen immigration would be expected to homogenize allele frequencies across populations and prevent diff erentiation and genetic structure to develop, as in the other studies of oaks described above in the previous paragraph.
Th us, in light of previous studies on gene fl ow in oaks, the results we report here indicating genetic discontinuities in Quercus lobata , are surprising. We identifi ed features of the California landscape that act as barriers to gene fl ow and create population structure for Q. lobata . Th e most striking discontinuity detected was between the trees sampled at our southernmost Santa Monica Mountains site in Ventura County and all sites to the north, a result supported by all of our analyses. Indeed, STRUCTURE found only two genetic clusters in the data, one comprised of the eleven populations north of the San Gabriel Mountains and the other comprised of the single population south of this range ( Fig. 3 ) . Th e EDENetwork analysis found a single small linkage between SM and the closest sampling site, LM, which is only about 60 km away but separated by the San Gabriel Mountains. Th ese fi ndings indicate that there has been little gene fl ow across the transverse ranges for Q. lobata and raise the possibility that gene fl ow barriers might exist for other oaks with distributions that span these mountains. Another possibility is that divergence in fl owering phenology, rather than a topographical barrier, isolates populations at the southern end of their distribution, as has been suggested for peripheral populations of Q. engelmannii Greene in California ( Ortego et al., 2012 ) . From a conservation standpoint, the few remaining stands of Q. lobata in the southern part of their range are genetically distinct and should be a focus of conservation eff orts, as previously suggested by Grivet et al. (2008) .
In contrast to the isolation of the SM site, two sites to the north and west of the San Gabriel Mountains, LM and SR, are about 125 km apart and separated by Los Padres National Forest, but surprisingly, are genetically very similar. Th ese were the only population pairs for which pairwise estimates of θ and D JOST were not significantly diff erent. Furthermore, the GENELAND analysis placed these two populations in the same genetic cluster while assigning all other sites to diff erent genetic clusters.
Th roughout the rest of the species range, populations exhibited modest but signifi cant levels of genetic diff erentiation, indicating that gene fl ow occurs but is not suffi cient to keep populations of Quercus lobata panmictic throughout its range. Tests for IBD showed weak but significant correlations. The network analysis shown in Fig. 4 demonstrates why geographical distances alone poorly refl ect population connectivity. Sites spanning the Central Coast Range are strongly linked, with the centrally located JR site being an important node linking several sites. Only one linkage connecting JR and KOP spanned the largely treeless Central Valley. Sites east of the Central Valley in the foothills of the Sierra Nevada showed less population connectivity and seemingly were not linked to the sites north of the Central Valley.
Our fi ndings diff er considerably from those of Gugger et al. (2013) , who also examined genetic diff erentiation and population structure in Quercus lobata . Th ese authors also identifi ed two major genetic clusters within valley oaks, but one was comprised of a western cluster from the Coast Range and an eastern one found on the western Sierra Nevada foothills. Th eir analysis did not identify the strong discontinuity we found between the southernmost population and those located north of the Transverse Ranges. Instead they found the Transverse Range populations to be genetically connected to the Sierran populations. Th ese diff erences may be because of the diff erent sampling or analytical methods used.
In conclusion, our fi ndings indicate that the striking topographical and climatic gradients that shape California oak woodland distributions also impact patterns of gene fl ow. For populations of Quercus lobata , distance alone is a poor predictor of population differentiation, and in particular, the San Gabriel Mountains appears to be a strong barrier to gene fl ow, isolating the southernmost population from the rest of the species' range.
